The cross-correlation function (CCF) of noises has been widely used to measure Green's function in the Earth medium. Most of theoretical works for Green's function retrieval are based on the equipartition state of random waves or the illumination by distributed stationary noise sources; however, there have been few appropriate frameworks how to retrieve Green's function from the CCF of coda waves in a scattering medium. By using the first-order Born approximation for scalar waves, we show Green's function retrieval from the CCF of coda for an impulsive spherical radiation from a point source, where the scattering medium is a random distribution of delta-function velocity anomalies in 3-D space. The CCF of single scattering coda waves at two receivers located at the opposite sides of the source is written by using Green's function in the homogenous medium. The lapse time and the time window length define the spherical shell, which is the responsible distribution of single scatterers that illuminate the receivers. The coda CCF amplitude is proportional to the inverse square of the lapse time measured from the origin time. Single scattering waves are omni-directional and equal amplitude near the source and receivers, that is, the equipartition state in the wavenumber space.
I N T RO D U C T I O N
The cross-correlation function (CCF) of ambient noises and that of coda waves of a local earthquake have been widely used to measure Green's function in the solid Earth medium (Lobkis & Weaver 2001; Campillo & Paul 2003; Snieder 2004; Curtis et al. 2006) . Recently, this method has been used in velocity tomography (e.g. Shapiro et al. 2005) since there is an advantage that it requires no real impulsive sources. Most of theoretical works for Green's function retrieval are based on the equipartition state of random waves (Aki 1957; Weaver & Lobkis 2004; Sánchez-Sesma et al. 2006) or the illumination by distributed stationary noise sources (Snieder 2004; Roux et al. 2005; Wapenaar & Fokkema 2006; Sato 2009 ); however, most of studies assumed the establishment of equipartition state a priori and do not mention how the equipartition state is dynamically established. Those studies did not give any appropriate frameworks how to retrieve Green's function from the CCF of coda waves in a scattering medium. There is a hint in Snieder (2004) , who supposed that the last scattering points to receivers serve as pseudo-noise sources. Here, combining this idea with the single isotropic scattering model for the coda energy excitation (Aki & Chouet 1975; Sato 1977) , we formulate the retrieval of Green's function from the CCF of scalar wave coda for a single point source in a scattering medium.
C C F O F C O DA WAV E S R A D I AT E D F RO M A P O I N T S O U RC E

Green's function in a scattering medium
We study scalar wave excitation in a scattering medium, which is a randomly uniform distribution of weak velocity anomalies in a 3-D homogenous medium with the background velocity V 0 (see Fig. 1 ). When the spatial scale of velocity anomaly d is much smaller than the wavelength, we describe each velocity anomaly by a delta function. Then, the velocity inhomogeneity is written as V (x) = Figure 1 . Configuration of two receivers and a source in a randomly uniform distribution of delta-function velocity anomalies (scatterers). Single scattering waves from the same scatterer coherently illuminate the receivers, where the lapse time t c and the time window length T restrict the responsible distribution of scatterers (grey).
We imagine an ensemble of ε j and y j . We suppose that the distribution of y j is random, and ensemble averages are ε j = 0 and ε j ε l = ε 2 δ jl . Here, angular brackets mean the ensemble average of the scatterer distribution. Real scalar wave φ(x, t) for an external source time function S(t) at the origin is governed by
By using the first-order Born approximation, retarded Green's function at a receiver at position A for a delta-function source S(t) = δ (t) at position B is written as
where
The first term G 0 is Green's function in the homogenous medium with background velocity V 0 . Two overdots in the single scattering term G 1 mean the second derivative with respect to time. Scattering is isotropic for a delta-function velocity anomaly. In the following, we study the specific case that receivers A and B are located at the same radius h AB /2 on the opposite side of the source located at the origin.
CCF at large lapse time
We measure the wave at lapse time t c from the origin time, which is larger than the traveltime between two receivers at A and B: t c h AB /V 0 . At lapse time t c , we define the Fourier spectrum aŝ
where the caret means the Fourier transform with respect to time and the time window length T is long enough compared with the wave period and the traveltime between A and B but much shorter than the lapse time t c . Then, the CCF of waves at receivers at A and B is
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We note thatĜ 0 (x A , ω) =Ĝ 0 (x B , ω) = 0 since there is no direct wavelet in the given time window at each receiver. Therefore, we practically write (4) by using the single scattering Green's function as
Then, we evaluate the single scattering Green's function aŝ
where k 0 = ω/V 0 and we introduced scattering amplitude for the jth scatterer as
Changing the summation over the distributed scatterers in (6) into an integral over the 3-D space, we evaluate the ensemble average of G 1 (x A , ω) * Ĝ 1 (x B , ω) over the scatterer distribution with the number density n as 
where r A = |x A − x|, r B = |x B − x| and r = |x| (see Fig. 1 ). To compare the scattering model of coda excitation (Aki & Chouet 1975; Sato & Fehler 1998) , we introduced the scattering coefficient, which represents the scattering power per unit volume, as
We note that the lapse time t c should be shorter than the mean free time, which is the valid range of the single scattering approximation: Eq. (8) means that waves at two receivers are coherent only when they are scattered by the same scatterer because of the assumption that the distribution of scatterers is random and independent. We evaluate the integral (8) by using spherical coordinates (r, θ, φ) , where θ is angle of the scattering point measured from receiver at A. We know r A , r B h AB since r A and r B are of the order of V 0 t c . Using the plane wave approximation r A ≈ r − (h AB /2) cos θ and r B ≈ r + (h AB /2) cos θ in the exponent and r A ≈ r B ≈ r in geometrical factors, we can write (8) by using Green's function in the homogenous medium as
whereĜ 0 (x A , x B , ω) = −e ik 0 h AB /(4π h AB ). It means that single scattering waves from the spherical shell are omni-directional and equal amplitude in the vicinity of the source and receivers, that is, the equipartition state in the wavenumber space. We note that factor (2π V represents the geometrical decay of the coda-wave power in the single scattering approximation (Sato 1977) .
CCF as a function of Green's function
Substituting (10) into (5), we obtain the derivative of the ensemble averaged CCF with respect to lag time as
where A S (τ ) is the ACF of the source time function S(t). The second line in the right-hand side (RHS) means that the lag time derivative of CCF is written as a convolution of the scattering coefficient, antisymmetrized Green's function, and the source power spectrum. In the third line, the scattering coefficient is written as a differential operator with respect to lag time applied to the convolution, where practically g(i∂ τ ) = g (∂ τ ) for this model. The last line is a representation in the time domain. Thus, by using the first-order Born approximation, the CCF of single scattering coda waves near the source is written by using Green's function in the homogenous medium.
S U M M A RY
By using the single scattering model for coda wave excitation for a spherical radiation from an impulsive point source in a scattering medium, which is composed of a random distribution of delta-function velocity anomalies, we evaluated the CCF of coda waves near the source. When two receivers are located at the opposite sides of the source, the CCF of coda at large lapse time compared with the traveltime is written by using Green's function on the basis of the first-order Born approximation. The CCF amplitude is proportional to the inverse square of lapse time according to the single scattering model for coda excitation. It is also proportional to the scattering coefficient, which appears as a differential operator in the time domain. The lapse time and the time window length define the responsible distribution of scatterers that coherently illuminate the receivers. We find that Green's function retrieval is possible from coda CCF near the source location even in the single scattering regime since scattered waves from the spherical shell are in the equipartition state in the vicinity of the source location; however, the derivation developed here is restricted for a specific configuration of receivers relative to the source. We will further study Green's function retrieval for a more general configuration of source and receivers not only in the single scattering regime but also in the diffusive regime.
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